Subbottom acoustic profiling in lakes on the Canadian Shield and in the Canadian Cordillera has revealed disruptions in deltaic and lacustrine sediments that can be attributed to large historical earthquakes. The Timiskaming earthquake of 1935 (Magnitude 6.25) and the Vancouver Island earthquake of 1946 (Magnitude 7.2) triggered extensive slumping and flow of postglacial sediments in lakes located within a few tens of kilometres of the epicentres of these events. There is some evidence in one of the surveyed lakes for in situ mobilization of sediment on relatively gentle slopes, with minimal horizontal displacement; this may be a product of liquefaction induced by coseismic shaking or displacements along faults beneath the basin. In another lake, widespread coseismic slumping resuspended large amounts of fine sediment, which then settled out onto the lake floor to produce a texturally anomalous layer. Features similar to those produced by the 1935 and 1946 earthquakes can also result from a variety of nontectonic processes, for example, the collapse of sediment over buried ice blocks, depositional oversteepening of deltas, groundwater sapping, and variations in pore-water pressures due to lake-level fluctuations. Records of sediment disruption in lakes therefore must be interpreted with caution. In general, many lakes in a region should be surveyed and a variety of different features identified before sediment disruptions are attributed to an earthquake.
Introduction
equipment can be used to detect evidence of seismically induced M~~ canadian lakes contain a continuous or near-continuous deformation and mass transport in lakes. Examples of a variety record of sedimentation in late-glacial and postglacial time.
of seismic effects, produced by two strong historic earthquakes, ~~~~~~~i~~ sediments are highly deformable because of their are presented from lakes in the south-central Canadian Shield clayey or organic composition and high water content, and ( Fig. 1 ) and the southwestern ~a n a d i a n cordillera (~i g . 2) . may be susceptible to disturbance during earthquakes. Such
The second objective is to demonstrate that, in lacustrine sedidisruption may give rise to sedimentologically and structurally ments, a nOnseismic processes can produce d i s r u~-distinct features that have high preservation potential. AS a tions that are similar to those generated by earthquakes. w e consequence, the numerous lakes that dot the Canadian landemphasize that evidence of sediment disturbance in lakes must scape should be ideal sites for detecting evidence of past earthbe interpreted with caution; because of its social and economic quakes and, therefore, for evaluating long-term seismic history a seismic be suggested after that might be used in conjunction with historical records to other disruptive mechanisms have been shown to be unlikely. evaluate the future frequency and intensity of seismic activity in a region. This, in turn, may have a bearing on the suitability Types of lakes and lacustrine sediments of a site or region for the construction of shock-sensitive faciliMost of the millions of lakes in Canada are the direct or ties such as nuclear power plants or waste repositories.
indirect result of glacial erosion and (or) deposition. ReserThis paper has two principal objectives. One is to demonstrate voirs, thermokarst and beaver-dammed lakes, and lakes dammed how images generated by portable, high resolution, subbottom by postglacial alluvium and colluvium are less common and acoustic profiling (SAP) and side-scan acoustic profiling (SSAP) generally are so shallow or ephemeral that the sediments within them span little time. 'Geological Survey of Canada Contribution 59490.
Subbottom acoustic profiling and coring have demonstrated that sediment fills in most small-and medium-size Canadian lakes comprise two basic sequences ( Fig. 3) : (1) a lower, lateglacial, ice-contact, and proglacial sequence, consisting mainly of inorganic mud and silt and characterized in SAP records by parallel acoustic reflectors (Bouma et al. 1983 ); and (2) an upper, acoustically transparent sequence of organic and mineral sediments, mainly gyttja and mud. Sand and gravel commonly occur in nearshore areas and on delta slopes, but are acoustically opaque to SAP equipment. The physical characteristics, thickness, and relative proportions of the two acoustically penetrable sequences differ from lake to lake due to differences in late-glacial and postglacial history. Lakes fed by large streams, for example, generally are floored by thick, acoustically transparent or weakly laminated deposits dominated by clastic material, whereas those fed mainly by groundwater or small ephemeral streams commonly contain a thinner, acoustically transparent, structureless, organic-rich sequence (e.g., gyttja). SAP can accurately depict the geometry and internal structure of these deposits, and any disturbance of the normal rhythm of sedimentation is readily revealed in the profdes.
Methods and equipment
The authors have surveyed more than 150 lakes in the Canadian Appalachian Mountains, northern and southern Canadian Shield, and Canadian Cordillera using portable subbottom profiling equipment. For most of these surveys, a Raytheon RTT-1000A-1 survey system2 with a rigidly mounted, lowfrequency transducer (3.5 -7.0 kHz), coupled to a higher frequency (200 kHz) transducer, was transported on small, inflatable or aluminum boats and a variety of larger craft at traversing speeds of 2 -5 kmlh (Fig. 4) . This system is powerful and portable, requiring only a single 12V battery as a power source. When operating under optimum conditions, the system provides good resolution of structures and bedding features less than 30 cm thick, and can penetrate soft, fine-grained, 2This system is distributed and maintained by Ocean Data Equipment Corporation (ODEC), Fall River, Mass., U.S.A. water-saturated sediments, including gyttja, silty clay, and clayey silt, to depths of more than 40 m below the sedimentwater interface. These are the most common types of materials in most lakes. Some coarser sediments, including silty sands and silty diamictons, also can be penetrated, but sandy and gravelly bottoms and gas-rich or overconsolidated sediments strongly reflect or disperse acoustic energy; records in these materials are poor.
In two of the surveyed lakes in the Canadian Cordillera, the RTT-1000 system was used in tandem with an EG & G model no. 236 "boomer" operated at 200 j. The signal from a 20-element array was amplified and filtered with an Innerspace Technology model 202 pre-amp filter, operated at 20 -1500 HZ.
Navigation for the RTT surveys was by "dead reckoning." Traverses were run, as much as possible, along straight lines between identifiable features on the shoreline (e.g., headlands, streams, distinctive buildings). The accuracy of survey-line positions depends on the operator and on wind conditions and thus is variable, but cross-checks using overlapping and crossing profiles indicate that, except on rare traverses of more than 5 krn, errors do not exceed 100 m and generally are much less, which is considered adequate to meet the objectives of this study.
Navigation for the EG & G surveys was provided by Del Norte Microwave Trisponder receivers linked to a Hewlett Packard data logger and real-time plotter. Errors in the locations of these lines are less than 10 m.
Scales on recorder chart paper, calibrated specifically for the RTT-1000 system, were used to estimate water depths and sediment thicknesses. Sound velocities in sediments that yielded subbottom records were assumed to be the same as the sound velocity in water (ca. 1445 mls). Although this might be expected to introduce some error, comparisons of the acoustic records with soundings, observations by divers, and lithostratigraphic data obtained by drilling thick marine and lacustrine sequences in lakes in Ontario and Quebec have led us to conclude, as did Berryhill (1987, p. 2) , that estimated sediment depths and thicknesses are reasonably accurate (probably to within 0.5 m).
The interpretation of sediment characteristics and structures on SAP records is based on analogy with similar sediments and structures exposed on land, and on data obtained by sonic drilling and sampling in lakes. Numerous bottom coring programs carried out by divers using SAP records to guide sampling Can. J. Earth Sci. Downloaded from www.nrcresearchpress.com by Depository Services Program on 02/24/15
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Deformation processes
In general, lacustrine sediments may deform in three ways: (Edwards 1980 (Edwards , 1987 have given us confidence that our interpretations are valid. The very fact that the RTT-1000 equipment can penetrate only a narrow range of sediment types gives us considerable insight into sediment facies distributions in surveyed lakes. The types of acoustic facies and structures recorded by RTT-1000 equipment in Canadian lakes are summarized by Shilts et al. (1976) and Klassen and Shilts (1982) , and discussed in subsequent papers (Shilts and Farrell 1982; Shilts 1984; Spirito 1986; Larocque 1985 Larocque , 1987 Clague et al. 1989; Shilts et al. 1989) .
Previous work
Several studies of the effects of seismic shocks on lacustrine sediments have been carried out in the past 15 years. Sims (1975) , for example, documented the effects of historic earthquakes on exposed sediments of Van Norman Lake, a reservoir near San Fernando, California. He found deformed sediment layers at stratigraphic levels corresponding to the ages of three strong earthquakes (modified Mercalli intensities of VI -XI) that shook the region during the 20th century. He concluded that, in each case, saturated sediment just below the sedimentwater interface liquefied, producing small-scale folds and load casts, which subsequently were buried by undisturbed, parallellaminated sediment. Sims also noted similar structures in exposed natural lake sediments elsewhere in California and suggested that they too may have formed during earthquakes.
Using SAP techniques, Wold et al. (1977) and Qamar et al. (1982) identified faults and other types of deformation in thick sediment sequences in Lake George, New York, and Flathead Lake, Montana, respectively. Wold et al. (1977) tentatively attributed the structures in Lake George to tectonic displacements involving bedrock beneath the lake. In contrast, Qamar et al. (1982) , while acknowledging the possibility that the structures in Flathead Lake may have been produced by earthquakes, preferred an explanation involving glacial processes.
The present authors also have used SAP to map and decipher subaqueous features produced by both earthquakes and nontectonic processes (e.g., Shilts 1984; Clague et al. 1989; Shilts et al. 1989 ). This paper elaborates and builds upon this previous work.
(1) Sediments may fail and move downslope under the influence of gravity. The main processes by which this occurs are creep, sliding, slumping, and flow. The geometry and internal characteristics of the displaced mass will depend largely on the type of material involved, the nature and the speed of the movement, and the morphology of the travel path.
(2) Sediments may become faulted or folded due to tectonism (coseismic and aseismic), glacial processes (i.e., glacier overriding, melting of buried blocks of glacier ice), differential compaction, or sudden loading or unloading resulting from mass transport processes (Shilts 1984; Harden 1987; Clague el al. 1989) .
(3) Sediments may undergo in situ liquefaction. This is common in buried, water-saturated silts and clays subjected to rapid sediment loading or shaking during earthquakes, and may be accompanied by water expulsion and diapirism. Likewise, water released from melting blocks of glacier ice buried by late-glacial sediments may cause localized liquefaction and diapirism (Shilts and Farrell 1982) .
Nonglacial processes
Deltas, spits, and bars are inherently unstable and may fail by sliding, slumping, or flow, particularly where sediments are deposited on steep slopes. Seasonal water-level fluctuations, rapid sedimentation, groundwater sapping, internal seiches (McManus and Duck 1988) , and earthquakes are some of the possible triggers of these mass movements.
Figures 5 and 6 shows SAP and SSAP records of a representative historical failure of this type. The blocky and hummocky deposits in these records were produced when a sand spit slumped into deep water in Lac MCgantic, Quebec, in September 1946. The failure occurred when the offshore face of the spit became steeper than the angle of repose of the sandy sediments. Oversteepening probably was caused by sedimentation associated with longshore currents deflected lakeward by a rocky promontory; no known local seismic events correspond with the date of failure.
Groundwater sapping also may promote slumping of saturated sediments forming the shores and slopes of lakes. A failure of this type was imaged during an SSAP survey of Lac MCgantic and is represented by hummocky deposits adjacent to a gullied, sandy, subaqueous slope. This failure occurred in a late-glacial ice-contact delta, part of the Ditchfield Moraine (Shilts 1981; Larocque 1985) , which forms the east side of the lake basin in the vicinity of the slump deposits and probably serves as an important aquifer carrying groundwater into the lake.
In areas of high relief, such as the Appalachians and the Cordillera, subaerial landslides and debris flows may enter lakes and come to rest on the bottom. While such slope failures may result from earthquakes, they more frequently are triggered by rainfall, snowmelt, freeze-thaw, and other processes. Figure 7 shows the bottom expression of a historical rockslide at Horne Lake, British Columbia. Blocky rock debris forms the shoreline at the end of the profile and also covers the adjacent slope.
Downslope movement of soft organic muds must take place more or less continuously in many Canadian lakes, because these materials are much thicker in depressions than on slopes. However, we have not yet observed structural or morphological evidence of slumping or other large-scale disturbance of organic muds in SAP records, probably because these sediments are relatively homogeneous and, in general, lack bedding.
Glacial processes Finally, human activities such as dredging and shoreline Glaciers can deform their substrates, generating faults, folds, modification may disturb sediments in lakes. The randomness and other structures in both unconsolidated sediments and of this type of disturbance often makes its origin the most bedrock. This type of deformation is not discussed further in difficult to ascertain. this paper because sediments that have been overridden by Can. J. Earth Sci. Downloaded from www.nrcresearchpress.com by Depository Services Program on 02/24/15
For personal use only. FIG. 7 . SAP (RTT-1000) profile across the west end of Horne Lake, British Columbia, showing historic rockslide deposits (arrow) overlying deformed, acoustically laminated silt and clay. The hummocky deposit at the left end of the profile is a slump or debris flow of unknown origin. glaciers are rarely imaged by SAP.
During deglaciation, blocks of debris-rich stagnant ice remained in many depressions, which presently are occupied by lakes (Klassen and Shilts 1982; Shilts and Farrell 1982; Shilts 1984; Laroque 1987) . In many instances, these blocks were buried by thick glaciolacustrine sediments, consisting of fine-grained density underflow deposits and diamictons deposited by mass transport of debris melted out from the glacier front. As the buried ice blocks melted, adjacent unsupported sediment collapsed, giving rise to a wide range of structures. The most common structures recognized on SAP records are normal and high-angle reverse faults bordering graben-like structures (Shilts and Farrell 1982) . These may have the appearance of growth faults if sedimentation continued as the ice melted. Sediment draped over ice blocks also underwent compression, which is expressed as folding in SAP records. Because the axes or deepest parts of depressions were most likely to contain stagnant ice, most of the deformation is found there. In cases where ice blocks were thick enough to (Fig. 8) . The stratification in these sediments terminates project above the lake floor, glaciolacustrine sediments accumuabruptly at the escarpments. In some cases, the steep scarps lated between them and the sides of the lake. When these failed, producing additional deformation. blocks melted, forming ice block casts, the ice-contact 
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SHILTS AND CLAGUE to have remained so until freeze-up a few weeks later (Hodgson 1936 Rogers and Hasegawa 1978) . This earthquake triggered massive subaqueous landslides, resulting in removal of part of the lake shore and generating a destructive seismic surge (Hodgson 1946) . Several other lakes in the Timiskaming area and on Vancouver Island were also surveyed using RTT-1000 equipment to provide perspective on the regional effects of these two earthquakes. Although the sediment disruptions described in the following sections cannot be attributed to any particular vertical or horizontal component of ground movement, they may be instructive for recognizing seismically generated disturbances in other lakes.
Lac Tee
Lac Tee is a typical "blackwater" Canadian Shield Lake with steep, more-or-less symmetrical sides cut into gneissic Precambrian bedrock (Fig. 10) . Glacially striated and polished bedrock crops out along parts of the shore. The bedrock is discontinuously mantled by sandy, bouldery till extending out under the shallower parts of the lake to form a boulder-strewn shelf at depths of 2-3 m. The southernmost bays of the lake are < 10 m deep, and SAP records show their bottoms to be strewn with logs, apparently lost from timber rafts that were floated to a mill a few kilometres to the west. The main part of the lake comprises a northwest-trending trench, up to 51 m deep, with a narrow, flat bottom. It is bordered on the north and south by slightly shallower closed basins. The trench is met at right angles by a shallower arm that extends to the east. SAP and SSAP surveys have revealed no logs on the bottom north of the sill that separates the southern bays from the main part of the lake.
The surface of Lac Tee is approximately 261 m asl, which is below the maximum level of glacial Lake Barlow (Veillette 1988; Vincent and Hardy 19'19) . Lake Barlow occupied nearby Lake Timiskaming and Lac Kipawa basins during deglaciation and at one time extended into the Lac Tee basin (Veillette 1988, p. 9) .
The sediment fill in Lac Tee consists mostly of acoustically transparent, water-saturated gyttja. SAP records from surveys conducted in 1982 and 1984 show that the gyttja is up to 5 m thick in the lake's central trench and thins to less than 1 m on the sides. In the axes of some of the depressions, this sediment is discontinuously underlain by up to 5 m of what is interpreted as parallel-laminated, proglacial lacustrine silty clay deposited in Lake Barlow. Although thin in Lac Tee, similar acoustically laminated sediments that underlie the floor of nearby Lake Timiskaming exceed 40 m in thickness.
A unique morphologic feature of Lac Tee is its hummocky floor. Hummocky terrain covers a significant part of the profundal plain in the central trench, adjacent to southwest-facing slopes, and also occurs in the eastern arm (Fig. 11) . Sampling (R. Doig, personal communication, 1989) and SAP and SSAP show that this terrain is underlain by gyttja and not by sand or I bouldery deposits derived from till benches in shallow water (Figs. 11, 12) . Hummocky gyttja is extremely rare in the 150 lakes that we have profiled; it has been noted at only one or two sites outside of areas that have historical seismic activity. These hummocky areas probably represent accumulations on the floor of the lake of slumps and flows of gyttja and underlying clastic sediment from the sides of the lake. From the SAP records and from a SSAP survey conducted in 1984, we visualize that failures occurred at a number of places on southwest-facing slopes and that mudflows descended the slope, spread out, and coalesced on the bottom (Fig. 13) . Because the lake was observed to be muddy immediately after the 1935 Timiskarning earthquake (Hodgson 1936) , these failures almost certainly were seismically triggered (Shilts 1984) .
Preliminary analysis of cores collected in 1989 shows that the hummocky deposits on the floor of Lac Tee are composed of disturbed sediment and suggests that they may record more than one episode of mass movement (Doig 1991) . A nearsurface clay layer, presumably deposited by the slow settling of detritus put into suspension during the 1935 earthquake, is present throughout the lake, and older clay layers have been found deeper in cores from both smooth and hummocky gyttja (Doig 1991) . However, no buried hummocky surfaces, such as have been observed in SAP records from Comox Lake, Lac Ttmiscouta, and Lac Etchemin (Clague et al. 1989; Shilts et al. 1989) , are evident in SAP records from Lac Tee.
In summary, in Lac Tee we recognize a hummocky bottom, formed on and of gyttja that has slumped and flowed preferentially from southwest-facing slopes of the lake. We assume that such widespread slumping is rare in Canadian lakes, because a hummocky gyttja surface is extremely atypical of' the lakes that we have surveyed. Because the normally dark, clear waters of Lac Tee were turbid immediately after the 1935 earthquake, we conclude that most or all of the slope failures we observed on SAP and SSAP records were triggered by that event. We further suggest that when such features are observed in other lakes, particularly in areas of known or suspected seismicity, they should be investigated thoroughly to determine if they are seismically generated and indicate the likelihood of future, potentially damaging earthquakes. Even in areas thought to be seismically quiet, such features may be harbingers of unexpected, "rogue" earthquakes, such as the Chicoutimi event of 1988.3 Because postglacial lake sedi3The Chicoutimi earthquake (magnitude 6.2) occurred in an area previously thought to be seismically "benign." ments are generally rich in plant remains (e.g., leaves, conifer needles, wood fragments), it should be possible to date, using the radiocarbon method, the onset of "normal" sedimentation after the deposition of debris that became suspended during slumping. If more than one event is recorded, an estimate may be made of the earthquake recurrence interval, assuming that all of the slumping and accompanying resuspension of sediment was seismically triggered.
Lac Kipawa and Lake Timiskaming
As part of the Lac Tee profiling project, SAP surveys were carried out in Lac Kipawa, a large lake with many bays, located a few kilometres east of Lac Tee, and in Lake Timiskaming, a 90 km long, narrow, deep lake, lying about 7 km to the north of Lac Tee (Fig. 1) . The location of the epicentre of the 1935 Timiskaming earthquake is near the west shore of Lac Kipawa (Dewey and Gordon 1984) .
Lac Kipawa fills a depression in gneissic bedrock, is below the level of glacial Lake Barlow (Veillette 1988; Vincent and Hardy 1979) , and has a sedimentary fill similar to that of Lac Tee, except that it contains thicker pockets of acoustically laminated proglacial sediments. Like Lac Tee, its shorelines consist of sandy, bouldery till and bedrock. Hodgson (1936) reported that there were some rockfalls into the lake during the 1935 earthquake.
The northern end of Lake Tirniskaming is located in a graben and is underlain by flat-lying Paleozoic limestone. Precambrian metasediments and gneiss crop out along its west side and along both sides south of Mann Island. The bedrock has a discontinuous thin mantle of till. The present lake surface is below the level of glacial Lake Barlow, and its bedrock bottom in the vicinity of Lac Tee is probably within 30 m of sea level (Kenney and Balins 1975) . Parallel-laminated silty clay, deposited in glacial Lake Barlow, is exposed along the shore in the vicinity of New Liskeard. SAP transects across the northern part of the 1 lake show that its bottom is directly underlain by > 15 m of acoustically massive deposits with rare internal reflectors, thought to be organic-rich, fine-grained clastic sediment. This unit lies unconformably on >40 m of acoustically parallel-I laminated silty clay (Shilts 1984) . Unlike the clear, dark waters of Lac Tee and Lac Kipawa, the waters of Lake Timiskaming are very turbid due to more-or-less continuous fluvial erosion of fine-grained, laminated Lake Barlow sediments exposed in the banks of Wabi Creek, Blanche River, and Rivibre de Can. J. Earth Sci. Downloaded from www.nrcresearchpress.com by Depository Services Program on 02/24/15
l'outaouais (Kenney and Balins 1975) . Modern sedimentation rates thus are high, probably 1-2 rnrntyear judging from the thickness of the acoustically massive surface layer.
Hummocky gyttja, thought to be slumped material dislodged by the 1935 earthquake, occurs in the bays of Lac Kipawa that are closest to Lac Tee (Fig. 14) . However, the extent of hummocky bottom deposits within the part of the lake that was surveyed does not seem to be as great as that in Lac Tee. This suggests that Lac Kipawa may not have received as much shaking as Lac Tee during the 1935 earthquake or that the sediments in Lac Kipawa were less prone to failure, possibly because of slope orientation.
In the northern part of Lake Timiskaming there are several bottom disturbances that may have formed during the 1935 earthquake or during an earlier seismic event(s). In a few profiles, fault-like structures appear to displace the entire sediment column, including modern sediments (Shilts 1984) . At the north end of the lake, a retrogressive flow slide with a failure surface at the contact of acoustically massive and laminated sediment has cut a trench into the bottom of the lake (Figs. 1, 15 ). The weight of the acoustically massive sediment adjacent to the trench has deformed and displaced the laminated sediment beneath the trench into diapir-like anticlines (Fig. 15) . These disturbances are thought to be fairly recent because, although Timiskaming sedimentation rates are high, there is no detectable sediment layer draping the deformed sediments exposed in the trench (sediment deposited at a rate of 1-2 mmlyear since 1935 probably would not be resolvable by the RTT-1000 system). It cannot be proven that the bottom disturbances in Lake Timiskarning are linked to the 1935 earthquake or, for that matter, to any seismic event, but this would appear to be a good possibility in view of the proximity (-70 krn) of the slump site to the epicentre and the historic record of seismicity in the region (Adams and Basham 1989) .
Comox Lake
Comox Lake is a relatively narrow, deep lake, located on east-central Vancouver Island, 6 krn southwest of Courtenay, British Columbia (Figs. 2, 16 ). The lake extends northward and eastward through the Beaufort Ranges, which are underlain by Upper Triassic mafic volcanic rocks, to a drift-covered lowland bordering the Strait of Georgia. Two large deltas, consisting mainly of sand and gravel, have been built into the southern part of the lake by Puntledge and Cruickshank rivers. North of the Cruickshank River delta, the lake is bordered by steep rock slopes of the Beaufort Range. These give way farther east to lower, gentler slopes underlain by ice-contact and deltaic gravels and sands. The lake is as much as 130 m deep north of the Cruickshank delta, but is much shallower farther east and off the Puntledge delta (Fig. 16 ). According to Muller (1969) , the Beaufort Range fault passes directly under the Puntledge and Cruickshank deltas. Although there are no documented historic surface displacements on this fault, the epicentre of the 1946 earthquake is probably located on or near it (Rogers and Hasegawa 1978) . Hodgson (1946, p. 308) reported that part of the shoreline of the Cruickshank delta fell away into the lake during the 1946 earthquake. This created a wave that reflected off the opposite shore and struck the delta with considerable force, washing inland about 100 m. It can be concluded from Hodgson's description and photographs that a considerable mass of sediment slumped from the front of the delta into the depths of the lake. Hodgson also mentioned that there were similar coseismic failures in several other lakes in the region, including Buttle, Great Central, Sproat, Nitinat, Cameron, and Cowichan lakes (Fig. 2) .
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SAP records in Comox Lake reveal extensive disturbance on east-and northeast-facing slopes of the Cruickshank delta, on the deep lake floor to the north, and on the lake floor adjacent to the Puntledge delta (Clague et al. 1989; Linden 1990; Figs. 17 -20) . Mounds up to 18 m high project from the floor of the lake just beyond the slope of the Cruickshank delta (Figs. 17, 18) . They occur in such profusion that many side echoes are superimposed on mounds actually beneath the traverse lines. Some of the mounds show faint internal structure, whereas others are acoustically clear. The disturbed sediments surrounding the mounds appear to have been transported from the foreslope of the Cruickshank delta. The mounds themselves may have been pushed up by the bulldozing action of the descending delta-slope sediments, or they may be rafts of sediment that remained more or less intact as they slumped into the depths. The hummocky zone fronting the Cruickshank delta has acoustic characteristics strikingly similar to those of chaotic, mass transport deposits associated with Late Pleistocene delta-front failures in the northern Gulf of Mexico (Harden 1987 undisturbed, parallel-bedded sediments and gradually pinches out to the north (Fig. 18 ). It is interpreted as an apron of silty or clayey sediments that flowed from the slumped terrain at the front of the Cruickshank delta. In some profiles, a similar layer is evident beneath undisturbed sediments north of the 1946 flow deposits (Fig. 19) , indicating that there may have been other, prehistoric failures of the Cruickshank delta.
At the south end of the lake, an irregular bottom delineates deposits that slumped from the Puntledge delta, presumably during the 1946 earthquake (Fig. 20) . At the foot of the delta, acoustically opaque slump deposits overlie and locally disrupt laminated fill, which is cut by steep-sided trenches, probably formed by swiftly moving mass flows.
In summary, much of the floor of the southern part of Comox Lake is covered by slump and flow deposits inferred to have been emplaced during the 1946 earthquake. A buried layer with an irregular upper surface and chaotic internal reflectors is thought to have been deposited during an older landslide, which also may have been triggered by seismic activity. Most of the seismically generated mass movements in Comox Lake have occurred on delta fronts. Because delta fronts are inherently unstable, caution must be exercised when evaluating similar failures in lakes with no eyewitness accounts of damage. On the other hand, deltas are very sensitive to seismic disturbance, and their failure can be attributed to earthquakes if other causes can be ruled out.
Horne Lake
Horne Lake, located 40 km south-southeast of Courtenay, British Columbia, shares many morphological and geologic similarities with Comox Lake (Fig. 2) . Steep rock slopes along the central part of the lake pass eastward into lower, gentler slopes underlain by ice-contact and deltaic deposits. Qualicum River has built a large delta into deep water at the west end of the lake. Although Hodgson (1946) reports no specific instances of landsliding in Horne Lake during the 1946 earthquake, it is closer to the epicentre than either Cameron or Cowichan lakes, where slumping is known to have occurred (Fig. 2) .
Detailed SAP surveys were carried out in Horne Lake using the RTT-1000 system (in 1988) and the EG & G boomer (in 1989) . Both surveys showed extensive evidence of mass transport, mainly in the west and west-central parts of the lake. A train of blocky debris, for example, overlies slightly deformed, laminated, fine-grained sediments at the far west end of the lake (Fig. 7) . This debris was deposited during a large rockfall from the steep slope rising above the lake in this area, perhaps during 1968 according to a local resident. The cause of the rockfall is not known, but seismicity apparently was not a factor.
There are numerous accumulations of hummocky sediments along the sides of Horne Lake, but none are as extensive or enigmatic as those in its southwesternmost bay, south of the Qualicum River delta. Hummocky sediments or a hummocky debris-scoured surface underlie much of this bay (Fig. 21) . These sediments appear to have moved northward, deforming underlying parallel-bedded silts or clays, which crop out along the shore (Fig. 22) . The hummocky sediments themselves are not totally acoustically opaque, as would be sandy sediments displaced from deltas, and therefore are probably fine-grained. Because the south end of Horne Lake is bordered by low rock slopes with only a thin patchy cover of drift, the failures are almost certainly subaqueous and not subaerial.
The disturbances south of the Qualicum delta and others along the south-central shore (Fig. 23) differ from mass transport phenomena in other lakes described in this paper. They appear to represent almost in situ mobilization or disruption of fine-grained lake sediment, with a minimum amount of displacement on relatively gentle slopes. These disturbances are Can. J. Earth Sci. Downloaded from www.nrcresearchpress.com by Depository Services Program on 02/24/15
For personal use only. FIG. 20 . SAP (RTT-1000) transect of hummocky slump deposits on the slope of the Puntledge River delta in Comox Lake. This slumping probably occurred during the 1946 earthquake. See Fig. 16 for location. not associated with deltas, which in the other Vancouver Island lakes are the preferred sites of failure during earthquakes. While it is not possible to relate the disturbances observed on the SAP records to the 1946 earthquake, we mention them here because of their possible association with seismicity. One possible explanation is that they are the product of liquefaction related to coseismic displacements in bedrock beneath the basin, perhaps along one of the faults that crosses the west end of the lake (Muller 1969) .
Discussion and conclusions
In this paper, we have described a variety of mass transport and deformation features, some of which are likely to have been produced by strong shaking during historic earthquakes. It is hoped that the assemblage of morphologies and structures in earthquake-damaged lakes, such as Lac Tee and Comox Lake, can provide a basis for inferring past seismicty in other areas of known or suspected neotectonic activity. We caution, however, that thick lake sediment sequences can be disturbed by many processes that have no relationship to neotectonism. Some deformation occurred during deglaciation as a result of collapse of sediment over or around buried ice blocks (Klassen and Shilts 1982; Shilts and Farrell 1982; Shilts 1984) , and several nonglacial processes can cause subaqueous slope failures similar to those triggered by earthquakes. Among the most important of the latter are depositional oversteepening of spits or delta slopes, groundwater sapping, increases in sediment pore-water pressure due to changes in lake level, and the construction of structures along the lake shore. Only after nonseismic processes have been ruled out should a seismic origin for mass movements be considered.
Criteria that may characterize seismically generated mass movements include (1) their widespread distribution and apparent synchroneity within one lake or, preferably, several nearby lakes (because of eyewitness observations, this is more easily demonstrated for historic than for prehistoric earthquakes); (2) quasi-unidirectional displacement of sediments from slopes with similar orientations; and (3) the presence of anomalous layers within uniform sediment sequences (e.g., clay or silt layers in gyttja; Doig 1986 Doig , 1990 Doig , 1991 M. Ouellet, personal communications, 1985 M. Ouellet, personal communications, -1991 . Although none of these criteria alone is an unequivocal indicator of seismic activity, two or more taken together and considered in the light of the local Can. J. Earth Sci. Downloaded from www.nrcresearchpress.com by Depository Services Program on 02/24/15
For personal use only. geology and historic seismicity may provide strong evidence Acknowledgments of past large earthquakes. Such evidence can be gathered rapidly and at relatively low cost using SAP and SSAP methods. This A. C. L. Larocque and L. E. Farrell assisted the first author methodology is particularly suited to countries like Canada with SAP and SSAP surveys of lakes on the Canadian Shield. where large numbers of lakes occur in a variety of geologic, R. H. Linden (Coastal Geoscience Research Corp.) conducted hydrologic, and physiographic settings. It can be applied over the EG & G "boomer" survey of lakes on Vancouver Island considerable areas where there is concern about the safety of and prepared a bathymetric map of Comox Lake (Fig. 16 ). shock-sensitive structures. For personal use only.
